A rapid and sensitive bioassay for detecting cytotoxicity was developed in this study to be used in evaluating many kinds of chemicals. This assay, based on the LDL (low density lipoprotein)-uptake activity of human hepatoblastoma cells, Hep G2, can evaluate cytotoxicity for 48 h with high sensitivity and selectivity using a 96 well plate and a fluorescent plate reader. We evaluate the toxicity of 230 kinds of chemicals and formulate the dose response data by a simple mathematical equation. The toxicity parameters derived by the formulation had some correlations in terms of chemical groups, which were classified as aromatics, organics, metals, and so on.
INTRODUCTION
Deterioration in the quality of environmental water, including drinking-water sources and river water, is becoming more clearly recognized, 1) and this tendency is expected to continue in the future. The effect of this deterioration on human health is likewise expected to become a more serious problem in the near future. The toxicity of the pollutants found in environmental water is not yet systematically understood, and the effect of each potential toxicant and the integrated effect of plural contaminants are yet to be classified. In vitro bioassay has been considered as a promising method for evaluating the effect of such toxicity on human.
2) Compared to in vitro bacterial bioassay, bioassay using mammalian cell lines is expected to be more readily applicable to human and to more reliably estimate the toxic effect on humans.
To estimate the effects of toxicity on human health, animal tests seem to be the most suitable method, since they would show the total effects on the whole body; but these require much money and time. In terms of acute toxicity, bioassay using cultured cells would also provide a good estimation. Also, MEIC (Multi-center Evaluation of In vitro Cytotoxicity) projects have investigated many kinds of bioassays using selected compounds, and have shown similarities and differences among bioassays and the human effects of acute toxicity.
3) However, it is difficult to estimate levels of toxicity to humans, since the target toxicants are many kinds of chemicals and their total effects on the human body should be estimated. This makes it important to evaluate the organ-specific toxicity of many kinds of chemicals.
The liver is one of the main organs that metabolizes toxicants and is important in the estimation of toxicity. 4) If this system could be easily applied to on-site estimation of environmental water, it could become a novel bioassay, although improvement would be needed. Since the liver is one of the most important organs for both medical and manufacturing purposes, many attempts to evaluate hepatotoxicity have been made; 5) most methods, however, take a long time and the process involved in evaluating toxicity is difficult. Evaluation of the toxicity of many kinds of chemicals or environmental water samples requires development of a rapid bioassay that is sensitive enough to detect the hepatotoxicity of the samples.
A project to establish the application of a bioassay to overall evaluation of a toxicant's effect on humans and the ecology was organized by Utsumi et al. in collaboration with 18 institutes. 6) Large sets of bioassay data on chemicals have accumulated in the literature. Such data should be organized and formulated to make the use of these chemicals in controlling toxicity and managing environmental waters more effective and practical.
*To whom correspondence should be addressed: Department of Chemical Science and Engineering, Tokyo National Collefe of Technology, 1220-2 Kunugida-machi, Hachioji-shi, Tokyo, 193-0997, Japan. Tel.: +81-426-68-5076; Fax: +81-426-68-5099; Email: shoji@tokyo-ct.ac.jp Vol. 46 (2000) We have developed a rapid and sensitive bioassay method based on the LDL (low density lipoprotein)-uptake and metabolic activities of human cells. 6, 7) Since LDL is one of the most important nutrients for mammalian cells, the LDL uptake rate is essentially very high. 8, 9) The amount and rate of LDL uptake when cells are exposed to toxicants are interesting as a novel index for the hepatotoxicity of environmental pollutants, since the activity of LDLuptake can be found strongly in hepatocytes. 8) In this study, we developed a means of rapidly and sensitively evaluating hepatotoxicity based on the metabolic changes of human hepatoma Hep G2 cells. The hepatotoxicity of 230 kinds of chemicals was evaluated and their dose response curves were formulated by a simple equation to evaluate their quantitative toxicity.
MATERIALS AND METHODS

Cell Culture ---
Medium and Cells: DMEM (Dulbecco's Modified Eagle Medium, Nissui Pharm., Tokyo, Japan) supplemented with 20 mM HEPES (N-2-hydroxyethylpypelazine-N-ethansulfonic acid, Dojindo Lab., Kumamoto, Japan), 10% fetal bovine serum (FBS), 100 units penicillin /ml and 100 µg streptomycin / ml were used for the cell culture. Hep G2 cell (human hepatocarcinoma cell; obtained from the Japanese Cancer Research Bank) was used. 10) This cell has many receptors on its membrane for uptaking various substrates involving LDL.
11)
LDL: The procedure for preparing FITC-labeled LDL followed the method of Week et al. 12) by using FITC labeling kits (American Qualex, San Clemente, CA, U.S.A.). It was further purified with a 10 ml column of Sephadex TM G25M (Pharmacia Biotech AB, Uppsala, Sweden). The relation between the LDL concentration and fluorescence strength was appropriate for this purpose (R 2 = 0.987). To detect the cell activities, 20 mg/ml of LDL (BioPur AG, Bubendorf, Switzerland) conjugated with FITC (fluorescein isothiocyanate) was added to serum-free medium.
Cell Culture: Cells were inoculated in 96 well plates (Sumilon, Tokyo) at an initial cell density of 1.0 × 10 5 cells/cm 2 (70%-confluent) in serum free medium, at 24 h before the toxicity measurement. The cells were loaded with toxicants or water samples with labeled LDL for 4 or 48 h in an incubator (37°C, 5% CO 2 ).
Assay ---
LDL-Uptake Activity Assay (LDL Assay): After 48 h of exposure, the culture medium was removed, and the cell monolayer was washed 3 times with PBS to remove free LDL. Then, the cells were soaked in 1N NaOH. The cell membranes were destroyed by repeated pipetting and the accumulated LDL was released and dissolved. The amounts of LDL uptaken and accumulated in the cells were measured with a microplate fluorometer (Cambridge Technologies, Inc., U.K.). The excitation and emission wavelengths were set to 490 nm and 520 nm, respectively. The fluorescence strength of 520 nm was proportional to the amount of the total cell-associated LDL, which was shown to be the sum of LDL bound to the receptors and internalized by the cells. 13) To detect the LDL bound to the receptors, the culture was carried out at 4°C to prevent LDL from being internalized by the cell. A cell-free well in each plate was used for determining the blank absorbance, and this blank value was subtracted from the absorbance of each cell-containing well. Milli-Q (prepared by Milli-Q II, Millipore Co., Bedford, MA, U.S.A.) water was used as the negative control.
Cell Survival Assay (AP Assay): We used the acid phosphatase (AP) assay to measure cell growth, because this method can count the living cell number rapidly and easily.
14) The cells were inoculated in 96 well plates (Sumilon) at an initial cell density of 1.0 × 10 5 cells/cm 2 in a medium with 10% FBS containing various toxicants. After 2 d of culture, the culture medium was removed, the cells were rinsed with 100 µl PBS/well and soaked in sodium acetate buffer (pH 5.5) containing 0.037 g/l p-nitrophenylphosphate (Sigma, St. Louis, U.S.A.) and one drop of Triton X-100 (Wako, Osaka, Japan). After 2 h of incubation at 37°C, the absorbance at 405 nm developed in each well was measured with a microplate reader (MPR A4i, TOSOH Co., Tokyo, Japan). The absorbance was proportional to the living cell number (R 2 > 0.998).
Formulation ---
Objectives and Advantages of Formulation: Various kinds of bioassay data for chemicals can be found in the literature. However, quantitative toxicity studies of the environmental samples or environmental pollutants are too poor to allow development of a methodology that can evaluate the human risk from the bioassay data. Particularly, very few reports quantitatively refer to the overall toxicity due to the various chemicals contained in environmental water. It is necessary to organize this bioassay data for use in practical applications of toxicity control and management of environmental waters.
In addition, to extrapolate the experimental range of exposure levels, some mathematical expression about response to dose should be available. A few reports have evaluated the risk of carcinogenicity expressed at very low concentration ranges. 15) However, these methods have been used only in the pharmacological field, for instance in developing a new anti-cancer drug. 16) There have been few studies developed for environmental risk management. Since environmental waters are contaminated by various chemicals, possibly including some which are unknown, these methodologies would be efficient at evaluating the total human risk.
Various Models for Describing Dose Response Curve:
A number of quantitative theories of cytotoxicity attempt to relate the cell activity or the cell survival (response) to the intensity of exposure to the chemical (dose).
17) It is generally said that the basic dose-response method is the one-hit or linear model. This model is based on the concept that a tumor can be induced by a single receptor that has been exposed to a single quantum or effective dose unit of a chemical.
18) The multihit model is considered as an extrapolation of the one-hit model. 19, 20) Generalization of the multihit model has given rise to the multistage model of carcinogenesis, where it is assumed that cancer originates as a malignant cell, which is initiated by a series of somatic-like mutations occurring in finite steps. It is also assumed that each mutational stage can be depicted as a Poisson process in which the transition rate is approximately linear with dose rate. 21) The log-probit model has been used extensively in the bioassay of dichotomous responses. This model assumes that each animal has its own threshold dose, below which no response occurs and above which a tumor is produced by exposure to a chemical. The log-probit model assumes that the distribution of log dose thresholds is Gaussian.
18) The logistic model, like the probit model, leads to a sigmoidal dose response curve, symmetrical about the 50% response curve. It approaches zero response as dose decreases more gradually than does the probit curve. The practical implication of this characteristic is that the logistic model leads to a lower NOAEL (no observed adverse effect level) than the probit model, even when both models are equally descriptive of the data in the observable range. 19) The Weibul and Gompertz models also lead to a sigmoidal curve.
Curve Fitting: To describe the dose response curves by a simple mathematical equation, the logistic curve expression given by Equation (1) was employed.
( 1) where x is the logarithm of chemical concentration (mM), m is the logarithm of the concentration of the chemical (mM) reducing the cell survival or activity 50% (= ED 50 ), and s is the dispersion factor. The correlation coefficients (R 2 ) between experimental data and the formulated curve were also calculated. The curve fitting and the calculation were carried out by the Simplex method with the DeltaGraph (ver. 4.0.5, SPSS, Chicago, IL, U.S.A.) using Macintosh computer (PowerBook G3, Apple, U.S.A.).
RESULTS AND DISCUSSION
Fundamental Characteristics of LDL-Uptake Activity Assay
Changes in LDL uptaken in the cells adminis-
tered As 2 O 3 are shown in Fig. 2 . The earliest appearance of toxic effects was found within 120 min, and the effect became larger and larger until 240 min. In the subsequent experiments of this work, the uptake activities were evaluated by the amount of LDL uptaken after at least 4 h of exposure. In this work, since the LDL-uptake activity assay was used to detect hepatotoxicity, the exposure time was set to 48 h.
The dose-response curves of cell-associated, -bound and -internalized LDL are shown in Fig. 3 , when paraquat was administered. The dependency of the cell-bound LDL amount on the paraquat concentration was negligible, and no toxicity could be detected by this index. On the other hand, the dependency of the cell-associated LDL amount was considerably high. This was simply because the absolute fluorescence strength by cell-bound LDL was so small that the effects of toxicants were not observed. Therefore, in the subsequent experiments of this work, the amount of cell-associated LDL (37°C) was measured and used for the toxicity evaluation.
Selectivity and Sensitivity
Of 230 chemicals tested, significant toxicity was detected for 148 and 133 of them by LDL and AP assays, respectively. The ED 50 values were compared with those obtained by 48 h-AP assay. The results are shown in Fig. 4 , where no clear correlations are found. This may be simply because the endpoints of toxicity evaluated are quite different between LDL and AP assays. Hepatotoxic chemicals like glyoxal or formaldehyde might have a strong effect on LDL-uptake activity, since uptaking LDL is a hepatocyte specific function. 8) Thus, the toxicity index of the LDL-uptake activity assay is superior in detecting hepatotoxicity. In terms of basal cytotoxicity, the sensitivity of the LDL-uptake activity assay is almost the same as that of cell survival assay. The ED 50 values obtained by LDL assay were smaller than those obtained by AP assay. In summary, the bioassay proposed in this work is believed to be suitable for detecting the hepatoxicity of various chemicals.
Correlation Between Experimental Data and Formulated Curves
The resultant dose response curves were expressed by a simple mathematical equation, since the description of bioassay data by mathematical equations is needed when the data are utilized to control toxicity and manage environmental waters.
The resultant dose response curves were fitted for di-2-ethylhexyl adipate (B17) sodium selenate (B42). Plots represent the experimental data and the lines are the formulated curves. Sodium selenate was the best and di-2-ehylhexyl adipate was the worst example in term of correlation coefficients (R 2 ). A few chemicals showed no toxicity, such as diphenylamine (B21). Sodium selenate may act like a hormone to promote animal cell growth at a low concentration in medium. 23) In some chemicals that have toxicity even at a low concentration, Eq. (1) could not well formulate the dose response curves. The curve of 2,4,5-trichlorophenol (A26) was also not well fitted by Eq. (1), because cell survival at a low concentration range was over the control value. Although Eq. (1) cannot express values over unity, it can be employed for this purpose, since the relative cell activity/survival is usually below unity in toxicity assays. Therefore, only the curve fittings of relative cell activity/survival were carried out for values below 1. Table 2 summarizes m, s, and R 2 values obtained for 230 chemicals. Some chemicals, for example potassium dichromate (B39), had no toxicity detected by our assay. The toxicity of others, such as benzo(a)pyrene (A02) and tributyltin chloride (A25), could not be detected in the tested concentration ranges. This may be because tributyltin chloride has a weak toxicity to cultured cells. 24) However, most chemicals showing some degree of toxicity gave a correlation coefficient, R 2 , of over 0.8. Equation (1) thus formulates well the dose response curves derived by our assay.
Relationships between m and s are shown in Fig. 6 , where chemicals are classified into groups of organics, aromatics, metals, and others. Clear positive correlations between s and log m can be found as shown by the solid lines in Fig. 6 . Although a positive correlation between m and s were found for most chemicals, a clear negative correlation was found for aromatic chemicals. This may be because phenols have toxic actions to cultured cells that differ from those of other organic chemicals. 25) This approach would be useful in the future for estimating toxicity particularly to chemicals on the basis of molecular structure, physicochemical properties, and so on, with the aid of computer-based analysis.
In summary, the toxicities of various chemicals or river water were rapidly and sensitively evaluated by the change in LDL-uptake activity of Hep G2 cells. Further investigation will be needed es- pecially regarding the response property for detecting toxicity of individual chemicals from their mechanism of toxicity expression. In addition, formulation of the dose response curves for 255 chemicals by a simple mathematical equation having two parameters (i.e., an ED 50 value and a curve shape) was carried out, and the formulation was generally successful with some exceptions. It is concluded 
